We construct a neutrino model of three twin neutrinos in light of the neutrino appearance excesses at LSND and MiniBooNE. The model, which includes a twin parity, naturally predicts identical lepton Yukawa structures in the Standard Model and the twin sectors. As a result, a universal mixing angle controls all three twin neutrino couplings to the Standard Model charged leptons. This mixing angle is predicted to be the ratio of the electroweak scale over the composite scale of the Higgs boson and has the right order of magnitude to fit the data. The heavy twin neutrinos decay within the experimental lengths into active neutrinos plus a long-lived Majoron and can provide a good fit, at around 4σ confidence level, to the LSND and MiniBooNE appearance data while simultaneously satisfying the disappearance constraints. For the Majorana neutrino case, the fact that neutrinos have a larger scattering cross section than anti-neutrinos provides a natural explanation for MiniBooNE's observation of a larger anti-neutrino appearance excess.
I. INTRODUCTION
The past decade has seen a series of anomalies emerge in short baseline (SBL) neutrino oscillation experiments which cannot be explained within the three active neutrino framework of the Standard Model (SM). Here, SBL refers to experiments with the ratio of the oscillation distance over the neutrino energy, L/E ν ∼ 1 m/MeV, which are sensitive to neutrino oscillations involving mass squared splittings ∆m 2 ∼ 1 eV 2 . The LSND experiment [1] reports evidence ofν µ →ν e oscillation consistent with ∆m 2 ∼ 1 eV 2 , as well as a less dramatic excess for ν µ → ν e oscillation [2] . The MiniBooNE collaboration also searched for the same signal, reporting excesses in both electron and anti-electron neutrino events [3] , again suggesting oscillations of the form ν µ → ν e andν µ →ν e , consistent with the LSND results. Together, these observations lead to the tantalizing suggestion of additional "sterile" neutrino flavors at a mass scale of 1 eV.
Many schemes have been considered to fit the excess, including 3 active plus N sterile neutrino oscillation schemes (3+N ), with most of the attention being focused on N = 1 and N = 2 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . While even the simple 3+1 scheme can provide a good fit to the ν µ → ν e (ν µ →ν e ) appearance excesses, these fits are in tension with ν µ ,ν µ and ν e disappearance constraints from MiniBooNE+SciBooNE [13, 14] and LSND+KARMEN [15] , respectively. To ameliorate the disappearance constraint, some authors have also considered fairly prompt decay of sterile neutrinos [16] (i.e. m s Γ s ∼ 1 eV 2 ) to allow the decay of sterile neutrinos to active neutrinos within the experimental lengths. In most cases, a decay of this form requires the coupling of neutrinos to a new light state ϕ (potentially a Majoron [17] [18] [19] ), which enables the sterile neutrinos to decay through the process ν s → ν a + ϕ. While some authors have also considered decays of the form ν s → ν a + γ [20] to explain the MiniBooNE signal, this decay cannot explain the LSND excess and we will not consider it here.
Very little attention has been focused on the 3+3 oscillation scheme, mainly in the interest of minimality and because there was no clear indication that adding a third sterile neutrino would improve the 3+2 fit. However, when the sterile neutrino sector is embedded within a model that "mirrors" the SM particle content [21] [22] [23] , the 3+3 scenario becomes natural to consider. One well motivated model of this type is the "Twin Higgs" model [24, 25] , although others have been considered [26] [27] [28] [29] [30] . The Twin Higgs model contains a full or partial copy of the SM gauge group and particle content, with couplings in the two sectors related by a discrete Z 2 symmetry. The particle content in each sector, usually denoted A and B, transforms under its own gauge group and is sterile with respect to the other sector. An attractive feature of the Twin Higgs model is that it provides a solution to the little hierarchy problem without requiring new particles charged under the SM gauge group, at least below the cutoff of the effective theory. In this model, the Higgs field is a pseudo-Nambu Goldstone boson (PNGB) associated with spontaneous breaking of an approximate global SU (4) symmetry. A twin Z 2 symmetry is introduced to constrain the form of corrections to the PNGB Higgs potential, allowing natural electroweak symmetry breaking with no quadratically divergent corrections to the Higgs mass at one-loop level.
In this paper, we construct a 3+3 neutrino model within the Twin Higgs framework, although many of our phenomenological studies can be applied to other models with similar flavor structures. Two higher dimensional operators turn out to be relevant for the neutrino sectors. The first operator is dimension-five and respects both the Z 2 and SU (4) symmetries. After the Higgs fields develop their vacuum expectation values (VEV's), three out of the total six neutrinos become massive and can be identified as the three sterile neutrinos. Because of Z 2 -enforced Yukawa alignment between the two sectors, only one universal mixing angle in addition to the usual PontecorvoMaki-Nakagawa-Sakata (PMNS) matrix is required to describe how the three sterile neutrinos interact with the SM charged leptons. This mixing angle θ is predicted to be the ratio of two Higgs VEV's, v/f ∼ O(0.1), and has the right order of magnitude to fit the SBL excesses. The second relevant operator is dimension-six, which is Z 2 -conserving and SU (4)-breaking. It is responsible for coupling the Majoron to neutrinos and additionally for providing mass to the light active neutrinos. We will show that after satisfying various constraints, the three heavy sterile neutrinos can decay into active neutrinos plus one Majoron with the decay distance within the experimental lengths. In what follows, we will analyze oscillation and decay of Dirac and Majorana sterile neutrinos within the context of this 3+3 "Twin Neutrino" model. We will show that promptly decaying sterile neutrinos in this model can provide a good fit to the LSND and MiniBooNE anomalies.
II. THE TWIN NEUTRINO MODEL
Motivated by the Twin Higgs model, we consider a global non-Abelian SU (4) symmetry in the electroweak parts of both the SM and twin sectors. The two Higgs doublets H A and H B , which transform under SU (2) A × U (1) A and SU (2) B × U (1) B gauge symmetries, can be grouped together as a quadruplet of SU (4):
T . At the minimum of its SU (4) invariant potential, the quadruplet develops a VEV of H = (0, 0, 0, f ) T , spontaneously breaking SU (4) down to its SU (3) subgroup. As a result, there are seven NambuGoldstone-bosons (NGB's) in the low energy theory below the cutoff Λ ∼ 4πf . Turning on electroweak gauge interactions in both sectors, the quadruplet VEV breaks the twin electroweak gauge symmetry SU (2) B ×U (1) B to a single U (1) with three NGB's eaten by the three massive gauge bosons W ± B and Z B .
1 The remaining four NGB's can be identified as the SM Higgs doublet, H, which acquire mass and become PNGB's after turning on SU (4) breaking gauge or Yukawa interactions.
The little hierarchy problem can be alleviated by imposing an additional Z 2 symmetry between the two sectors which forces all couplings to be the same. This is because in the gauge sector, the one loop corrections to the Higgs mass which are quadratic in Λ have the form
and are independent of the PNGB Higgs field. In addition, the logarithmically divergent part contributes to the coefficient of the SU (4)-breaking operator κ (|H A | 4 + |H B | 4 ) at the order of g 4 /(16π 2 ) log (Λ/gf ), so the Higgs field mass is generically suppressed compared to the VEV f ∼ 1 TeV. To obtain the lighter Higgs boson mass at 125 GeV, the coefficient is needed to be around 1/4, which suggests additional SU (4) breaking terms in the scalar potential. Minimizing the potential for the two Higgs doublets with small Z 2 -breaking terms, the ratio of the two VEV's is
with the electroweak VEV, v = 246 GeV. Later we will show that this ratio will be crucial to determine the fermion mass spectrum in the twin sector. The fermion Yukawa couplings explicitly break the global SU (4) symmetry. The Z 2 twin parity is required to ensure that there are no corrections to the SM Higgs mass proportional to Λ 2 at the one-loop level. Therefore, we keep the Yukawa couplings in both sectors to be exactly the same, both for charged leptons and neutrinos. For the charged leptons, the Z 2 -invariant and SU (4)-breaking Yukawa couplings in the Lagrangian are
Here, the indexes "i, j = 1, 2, 3" denote lepton flavors. After inputting the scalar VEV's, we have the three twin charged-lepton masses exactly proportional to the SM ones: m 
A. Majorana Neutrinos
In the neutrino sector, we will consider both Majorana and Dirac neutrino cases and will only focus on the spectrum with normal ordering, which is preferred for the Majorana case. In this subsection, we first study the Majorana neutrinos for both SM and twin sectors. Different from the charged-lepton sector, we can have the following Z 2 -invariant and SU (4)-conserving Majorana mass operators 
Here, the new gauge-singlet scalar φ carries both SM and twin lepton numbers. Furthermore, one could define a discrete symmetry in the twin sector with φ ↔ −φ,
, such that additional operators for φ coupling to only SM leptons are forbidden. This discrete symmetry is important for our later discussion of φ-related phenomenology. The Yukawa couplings are chosen to be identical for Eq. (3) and Eq. (4), which could originate from a UV theory at a much higher than TeV scale. After φ develops a VEV with φ = f φ , 2 the 6 × 6 neutrino mass matrix is
In the leading order of f φ Λ S /Λ 2 φ ≪ 1 and v/f ≪ 1, the three heavy (sterile) neutrino masses are
whereȳ i ν is the eigenvalue of the Yukawa matrix y ν . Because of flavor alignment in the SM and twin sectors, the ratios of the neutrino masses satisfy
to the leading order of the small parameter, In the charged-lepton mass-eigenstate basis, the diagonalization unitary matrix U can be written in terms of a tensor product
where U
3×3
PMNS is the PMNS matrix in the SM (the experimental values are taken from Ref. [31] ) and O 2×2 is a rotation matrix
To the leading order of f φ Λ S /Λ 2 φ ≪ 1, the new mixing angle between the SM and twin neutrino sectors is
Consequently, the three active neutrinos (ν In this model, there is a PNGB or Majoron [17] [18] [19] associated with the global symmetry breaking of
The relevant Yukawa couplings for the Majoron particle, ϕ, defined as φ ≡ f φ e iϕ/f φ , in our models is flavor diagonal and are
The sterile neutrinos are not stable particles and have the decay widths of
In our numerical study later, we will focus on the parameter region of λ 
For a normal ordering neutrino mass spectrum, we have m ϕ ≈ 1 eV for m ν 3 s ≈ 10 keV, θ = 0.1 and λ 3 as ∼ 0.01. The Majoron decay width is
For a normal ordering neutrino mass spectrum, m ϕ ≈ 1 eV, λ 3 as ∼ 0.01 and θ = 0.1, the decay width at rest is Γ ϕ ≈ 8 × 10 −8 eV.
B. Dirac Neutrinos
For the Dirac neutrino case, one need to introduce an additional set of right-handed neutrinos in both the SM and twin sectors. The Z 2 -invariant and SU (4)-conserving Dirac mass operators are
Furthermore, the following Z 2 and SU (4)-breaking dimension-five operator is introduced to provide light neutrino masses and decay couplings for the heavy neutrinos
After φ develops a VEV with φ = f φ , the 6 × 6 neutrino mass matrix is
with the left-handed rotation matrix as
Using the same parametrization in Eq. (11) and in the limit of f φ ≪ Λ φ , we still have θ ≈ v/f = O(0.1). The mass ratios for this Dirac neutrino model is
In the Dirac neutrino model, we also have a PNGB associated with the symmetry breaking of
The sterile neutrino decay widths are
In our model, the active neutrinos from sterile neutrino decays are left-handed.
III. CONSTRAINTS FROM UNITARY, MESON DECAYS AND NEUTRINOLESS DOUBLE BETA DECAY
For both the Majorana and Dirac neutrino models, we have the model parameters: m 4 , Γ 4 (related to the coupling λ 3 as ), θ and r. In this section, we study the existing constraints on our model parameters from unitarity of the active neutrino mixing matrix, neutrinoless double beta decay and meson decays.
The mixing between active and twin neutrinos reduces the couplings of active neutrinos to charged leptons in the SM. The 6×6 mixing matrix, U, is a unitary matrix in our model, but the 3×3 mixing matrix, U , is not unitary and has the normalization property of
Using the results in Ref. [32] and neglecting the effects of sterile decay products, we have found that sin θ 0.20 ,
at 2σ C.L. There are additional bounds on the sterile neutrino decay widths from the pion and kaon three-body decay into the new Majoron state and the electron-muon universality tests of their total leptonic widths (see Ref. [33] for a recent summary). Using the analysis in Ref. [34] and the measurement of π → eν branching ratio [35, 36] , the predicted deviation from e − µ universality is R π = 1 + 157.5(g 2 ) ee with the experimental value of R π = 0.9931 ± 0.0049 (the updated value of R π = 0.9993 ± 0.0024 provides a similar bound), so the bound on our model parameters is
at 90% C.L. Here, c = 1(2) for the Majorana(Dirac) neutrino case. In Fig. 2 , we show the constraints on our model parameters in the m 4 Γ 4 and m 4 plane. For the Majorana neutrino case, searches for the neutrinoless double beta decay (ββ) 0ν can also impose bounds on our model parameter space. The amplitude of (ββ) 0ν is proportional to the effective Majorana mass
The CP -violating phases can affect the predicted effective Majorana mass. In our model, we have identical Majorana and Dirac phases for the SM and twin sectors.
In Fig. 3 , we show the allowed parameter space by allowing arbitrary Majorana phases but fixed Dirac phase of δ CP = 0. We did not find additional processes like 0ν2βϕ or 0ν2β2ϕ provide more stringent bounds than from 0ν2β and meson decays. Because of the fairly large interaction strength (λ particles stay within the supernova core. Our model does not have an additional energy loss problem for supernova SN1987A. For sterile neutrinos with a mass below around 1 MeV, they contribute to additional relativistic degrees of freedom and are constrained from BBN [38, 39] . However, to have a conclusive statement, additional analysis or non-standard cosmology should be taken into account. We do not explore these directions here.
IV. NEUTRINO APPEARANCE AND DISAPPEARANCE
In this section, we write down general neutrino appearance and disappearance formulas for our model. Since we have both oscillation and decay, we will keep both effects for neutrino appearance and disappearance. For the short-baseline experiments, the differential probability for a neutrino of flavor α with energy E να converting into a neutrino of flavor β with energy in the interval of (E ν β , E ν β + dE ν β ) is [16, 40] 
Here, the neutrino decay widths, Γ i = 0 for i = 1, 2, 3 and Γ i = 0 for i = 4, 5, 6, are defined in the rest frame. c = 1(2) for the Majorana(Dirac) neutrino case. For the case of neutrino goes to neutrino, the energy spectrum function is
For the Majorana model, the helicity-flip formula for ν α → ν β has only the second term (the decaying part) with a different energy spectrum function,
For the case with initial anti-neutrinos, one should replace the elements of U by their complex conjugates.
In our numerical studies, we will focus on the pure oscillation case as well as the case where the decay effect dominates. For the pure oscillation case with Γ i = 0 and in the limits of m 4,5,6 ≫ m 1,2,3 and |∆m | ≪ E/L (the short-baseline approximation), the neutrino appearance probability is
for α = β. Here, the phase φ βαjk ≡ arg(U βj U * αj U * βk U αk ). The formula for the anti-neutrino case can be obtained by a replacement of φ → −φ. In our model, only a single Dirac CP phase enters both sectors. In the small mixing angle limit of θ 13 ≪ 1 and δ CP order of unity, we have
So, a large CP -violating phase can affect the (anti-)neutrino appearance probabilities. The disappearance probability is independent of CP -violating phase and has
Comparing Eqs. (29) and (30), one can see that the appearance probability is suppressed by sin 4 θ, while the disappearance is only suppressed by sin 2 θ. We will later show because of this fact it is challenging to only use oscillation to explain LSND and MiniBooNE anomalies.
For the case in which sterile neutrino decay effects are dominant and in the limit of |∆m 2 45,56,46 | ≫ Γ j m j , the appearance probability is
For the Majorana model, the helicity-flip formula for ν α → ν β is similar but using W Eν α →Eν β . The disappearance has contributions from both terms in Eq. (28) and is
ignoring additional terms suppressed by sin 4 θ. One can see that for the decay case both appearance and disappearance are suppressed by the same power of sin θ. This fact will make the decay model a better fit to LSND and MiniBooNE data.
V. FIT TO LSND, MINIBOONE AND SCIBOONE DATA
In this section, we will consider both cases for interpreting short-baseline experimental data with or without sterile neutrino decays. For the first case without sterile neutrino decays, the energy spectrum of the neutrinos near the far detector follows the initial injected neutrino spectrum. On the other hand, for the second case with sterile neutrino decays, additional care should be taken to account for the energy spectrum change.
A. Oscillation without decay
To interpret the LSND event excess of anti-neutrino appearance,ν µ →ν e [1] (we will ignore the less significant excess in the neutrino appearance observed by LSND [2] ), and to derive the preferred model parameter space, we follow Ref. [6] to account the energy spectrum as well as the conversion of the neutrino energy spectrum to measured positron energy spectrum, E e + = Eν e + m p − m n , from the inverse neutron decay processν e + p → n + e + . The measured positron energy has the range of (20 MeV, 60 MeV). For the simplest 3 + 1 sterile neutrino model, we have reproduced the LSND contours in Ref. [6] .
For the MiniBooNEν µ →ν e and ν µ → ν e appearance analysis based on initial anti-neutrino and neutrino fluxes [3] , we use the data released by MiniBooNe collaboration [41] to derive the preferred contours in our model parameter space. We combine the two data sets in the (anti-)neutrino energy range of (200 MeV, 3 GeV). Again, for the simplest 3 + 1 sterile neutrino model, we reproduce the contours in the MiniBooNE publication [3] .
For the constraints from (anti-)neutrino disappearance, we use the combined SciBooNE and MiniBooNE analysis [13] for the anti-neutrino disappearance measurement, which provides more stringent constraints than the ones from the neutrino disappearance measurement [14] . We use the publicly available data [42] to constrain our model parameter space. We have also checked additional constraints from appearance searches by KARMEN [43] but found them to be less stringent, and we will not report them here. In Fig. 4 , we show the LSND and MniBooNE preferred contours in terms of our model parameters: sin θ and r by fixing m 4 = 1.4 eV and assuming δ CP = π/2, which provides a better fit than no CP violation with δ CP = 0. From a three-dimensional parameter scan, we have found the point with the smallest χ 2 at sin θ = 0.4, r = 0.011 and m 4 = 1.4 eV. This is an improvement by ∆χ 2 = 25 compared to the no oscillation fit. Unfortunately, the disappearance constraints from SciBooNE and MiniBooNE exclude all the 3σ appearance-data-preferred region. Furthermore, the constraints from unitarity of the three active neutrinos also exclude the LSND and MniBooNE preferred contours. This can be understood by the formulas in Section IV, which show that the appearance probabilities for the pure oscillation case have an additional sin 2 θ with respect to the disappearance probabilities. The tension for appearance and disappearance data is a general feature even for a general 3 + 2 global fit [12, 44] .
B. Oscillation with decay
For the second case with the decay effects dominant, we need to know more information about the detectors. The first important piece of information is to know whether the sterile neutrinos generated at the source location have already decayed or not. It can be seen from Eq. (31) that in order to have a larger appearance probability, it is preferable to have all sterile neutrinos decay within the experimental lengths. Taking the Lorentz boost into account, this means Γ 4 m 4 > E ν /L. LSND has the distance range of (26, 34) m and the energy range of (20, 60) MeV; MiniBooNE has the distance around 540 m and the energy range of (200, 3000) MeV; SciBooNE has the distance around 100 m and the energy range of (300, 1900) MeV for the disappearance analysis [13] . Altogether, if Γ 4 m 4 1 eV 2 , the majority of sterile neutrinos have already decayed before reaching the detector. We also note that for large values of Γ 4 m 4 , all sterile neutrinos decay promptly and only θ and Γ 4 m 4 are relevant parameters for both appearance and disappearance experiments.
Both LSND and MiniBooNE are able to generate ν µ or ν µ initial fluxes. On the other hand, for the appeared electron neutrino or anti-neutrinos in the detectors, the LSND detectors are different from MiniBooNE and SciBooNE. The LSND experiment can distinguish ν e and ν e because after ν e interacts via inverse beta decay in the mineral oil target of LSND, both a prompt positron and a correlated 2.2 MeV photon from neutron capture appear. This twofold signature is not true for ν e . On the other hand, the MiniBooNE and SciBooNE can not distinguish ν and ν. In order to compare to the MiniBooNE and SciBooNE data, we need to add both ν and ν. Furthermore, we also note that the quasi-elastic cross sections for ν and ν interacting with CH 2 in MiniBooNE are different. Using the cross sections in GENIE [45] and for the relevant energy range of (200, 3000) MeV at MiniBooNE, we have
which is mainly due to σ(νn → ℓ − p) > σ(νp → ℓ + n) from a negative axial-vector form factor [46] . We will show later that because of different scattering cross sections the Majorana and Dirac models have different features for fitting appearance data.
Before we present our results, we also want to comment on the fact that the LSND or the MiniBooNE measured neutrino transition probability is not simply Eq. (28) for the sterile neutrino decay case. They have the measured probability for each energy bin to be P meas. i = (data i −bkgnd i )/(fully oscillated) i [47] . For the full oscillation model, their measured probability matches to the theoretical L/E ν oscillation probability. For the decay case at hand, the energy spectra of the initial neutrino flux at the source and the final flux at the detector are different. To compare to the LSND and MiniBooNE L/E ν data plots, we use the following probability (34), there is an interesting observation about our Majorana model prediction for MiniBooNE. Under the approximation of the same energy spectra of the initial fluxes, Φ να ∝ Φ να , one has
simply from the fact that the neutrino quasi-elastic cross section is larger than the anti-neutrino one. In Fig. 5 , we show a comparison of a benchmark model point with r = 10 −6 , m 4 = 4 keV, sin θ = 0.15 and m 4 Γ 4 = 1.0 eV 2 , to the LSND data. The Dirac model has probabilities higher than the Majorana model simply by a factor of two. Note that the starting points of the model curves are higher than the actual data starting point. This is due to the approximation of using the shortest distance L = 26 m and the maximal neutrino energy of 52.6 MeV from muon decays at rest [6] . Similarly for MiniBooNE, in Fig. 6 we show both Majorana and Dirac model predictions for the same benchmark model point. As we argued before, the Majorana model has a larger excess for the initial ν µ run than the initial ν µ run at MiniBooNE. For the Dirac model, there is also some difference between the initial ν µ and ν µ runs, which comes from the slightly different energy spectra for the initial fluxes.
In Fig. 7 and for the Majorana model, we show the contour plot for the two most relevant model parameters, sin θ and m 4 Γ 4 , to fit the MiniBooNE and LSND appearance data. Also shown in this plot is the 90% C.L. constraints from MiniBooNE plus SciBooNE. Different from the pure oscillation case in Fig. 4 , the constraint from the disappearance data is not stringent enough to rule out the best fit region for appearance data. For r = 10 −6 and m 4 = 4 keV (allowed from the neutrinoless double beta decay constraints in Fig. 3 ), the smallest χ 2 to fit both MiniBooNE (using their Monte Carlo samples) and LSND (using their energy resolution) has sin θ = 0.097 and m 4 Γ 4 = 0.55 eV 2 . Compared to the fit without new physics, the difference is ∆χ 2 = 22.5. For two degrees of freedom this means that the background-only fit has a χ 2 -probability of 1.3 × 10 −5 (or 4.4σ) relative to our twin neutrino decay model.
For the best fit point of the Majorana neutrino model, the six neutrino masses are 0.004 eV, 0.0096 eV, 0.050 eV, 4 keV, 9.56 keV, 50.0 keV. The three sterile neutrino widths are Γ 4 = 0.0001 eV, Γ 5 = 0.0019 eV and Γ 6 = 0.27 eV. The decay Yukawa coupling defined in Eq. (12) is λ 3 as ≈ 0.008. As a result, the Majoron receives a loopgenerated contribution to its mass with a value of around 3 eV, which means that the Majoron can decay into all three active neutrinos. For the typical neutrino energy of 30 MeV at LSND (500 MeV at MiniBooNE), the Majoron travels far enough that it can be treated as an invisible The yellow star is the best fit point of our model, which has ∆χ 2 = 22.5 compared to the no twin neutrino assumption.
particle for both experiments. For the Dirac neutrino case, we show the allowed parameter region in Fig. 8 for fixed values of r = 10
and m 4 = 4 keV. The best fit point is at sin θ = 0.073 and m 4 Γ 4 = 0.34 eV 2 with ∆χ 2 = 18.7 (a probability of 8.7 × 10 −5 or 3.9σ) compared to the fit without the three twin neutrinos. The Dirac model provides a slightly worse fit than the Majorana model, because the Majorana model has a higher model prediction for the anti-neutrino appearance probability than the neutrino one. We also note that the anti-neutrino disappearance constraint from MiniBooNE plus SciBooNE for the Dirac model is more stringent than for the Majorana model. This is simply due to the larger scattering cross section of neutrinos than anti-neutrinos.
VI. DISCUSSION AND CONCLUSIONS
The twin neutrino scenario is very predictive. The neutrino mixing matrix is fixed by the usual PMNS matrix and the ratio of the Higgs VEV's in the two sectors. Additionally, the signals observed by LSND and MiniBooNE dictates either m 2 4 or m 4 Γ 4 to be around 1 eV 2 . In the Majorana sterile neutrino decay scenario, the model also requires a normal ordering mass spectrum for the three active neutrinos to avoid the 0νββ decay constraint. Because the SM and twin sectors are closely related by the twin Z 2 symmetry, the number of free parameters is greatly reduced. The next generation neutrino experiments probing the twin sector neutrinos can also provide information about the SM active neutrino sector. Combining the experimental information from both sectors, it is very likely that we can completely determine all the parameters in the neutrino sector.
The decay sterile neutrino scenario provides a novel explanation to the LSND and MiniBooNE anomalies. Depending on whether neutrinos are Dirac or Majorana, one could have either only ν e or both ν e and ν e to be decay products of the twin neutrino components in ν µ . For the Majorana case, the MiniBooNE ν µ run can have a larger excess than the ν µ run. This is because ν e as a product of the ν µ twin partner has a larger scattering cross section than ν e . Our explanation for the larger ν µ run excess does not require CP violation, which is necessary for the pure oscillation explanation.
Future experiments like MicroBooNE [48] (see also Ref. [49] for other interesting proposals) may provide decisive tests for the LSND and MiniBooNE excesses. Their results will not just cover our twin neutrino decay scenario, but also the pure oscillation interpretation. We also note that the IceCube collaboration is finalizing their O(eV) sterile neutrino searches. Some preliminary results have shown significant improvement on constraining oscillation parameters [50, 51] . The IceCube bound is based on oscillation effects with a dramatical enhancement of the oscillation amplitude due to matter effects at TeV energies. Although our twin neutrino decay scenario is unlikely to be constrained by the IceCube search, it is interesting to explore how to search for the three twin neutrinos at large cosmic-ray neutrino experiments.
In summary, motivated by the LSND and MiniBooNE excesses, we have constructed an interesting neutrino model to link the sterile neutrino phenomenology to the new TeV-scale physics associated with electroweak symmetry breaking.
